An airgun apparatus has been constructed for transient gene expression studies of monocots. This device utilizes compressed air from a commercial airgun to propel macroprojectile and DNAcoated tungsten particles. The ,-glucuronidase (GUS) reporter gene was used to monitor transient expression in three distinct cell types of maize (Zea mays), rice (Oryza sativa), and wheat (Triticum aestivum). The highest level of GUS activity in cultured maize cells was observed when distance between stopping plate and target cells was adjusted to 4.3 centimeters. Efficiency of transformation was estimated to be 4.4 x 10-3. In a partial vacuum of 700 millimeters Hg, velocity of macroprojectile was measured at 520 meters per second with a 6% reduction in velocity at atmospheric pressure. A polyethylene film placed in the breech before firing contributed to a 12% increase in muzzle velocity. A 700 millimeters Hg level of vacuum was necessary for maximum number of transfornants. GUS expression was also detected in wheat leaf base tissue of microdissected shoot apices. High levels of transient gene expression were also observed in hard, compact embryogenic callus of rice. These results show that the airgun apparatus is a convenient, safe, and low-cost device for rapid transient gene expression studies in cereals.
accelerate DNA-coated gold spheres for stable transformation of soybean callus (2) and adult plants (9) . In the particle gun system, micron-size tungsten particles coated with DNA are accelerated to velocities sufficient for the nonlethal penetration of cells walls and membranes. This approach has allowed testing oftransient expression ofchloramphenicol acetyltransferase and GUS2 reporter genes in maize cultured cells and immature embryos (7) , rice, soybean, and einkorn wheat cultured cells (15) and onion leaf epidermal cells (8) . The particle gun relies upon a chemical explosion from the firing of a .22 cartridge to propel the DNA coated microparticles toward the target cells. To reduce target cell trauma resulting from gases produced by chemical propellants, an airgun device was originally conceived and developed by one of the authors (T.M.G). We show in this report that a version ofthis device can be used to test transient gene expression in different cell types of maize, rice, and breadwheat. Cost of materials used in construction of the airgun device was relatively inexpensive, and the simple design should permit rapid transient gene expression studies in certain plant cells or tissues.
MATERIALS AND METHODS

Plasmids
The capability to introduce modified genes into plant model systems such as tobacco or petunia has proven invaluable for tissue specific and developmental gene expression studies (1, 5, 1 1). In addition, gene transfer experiments have contributed significantly to the evaluation of cloned genes of agronomic importance (14) . This approach, however, normally reguires cocultivation with Aarobacterium tumefaciens, tissue culture, and plant regeneration steps which altogether can take several months for completion of one experiment. Similar time periods are required for DNA uptake and regeneration of protoplasts to produce stably transformed plants. Microinjection of DNA has been tested successfully in isolated cells cultured in vitro (3, 12) , but this method may not be applicable to other cell types or cells located below the surface of certain tissues and organs.
One alternative to A. tumefaciens, protoplasts, and microinjection for gene transfer studies has been the development of a 'particle gun' (13) 
Construction of Airgun Apparatus
The apparatus (Fig. 2 ) incorporated the following elements: (a) airgun (model RI lazerized version without stock, Beeman Firearms, Inc., Santa Rosa, CA) for propelling DNA-coated microprojectiles; (b) polycarbonate vacuum chamber enclosing the airgun muzzle and the target material; (c) stopping plate to halt and contain the macroprojectile while allowing the microprojectiles to continue toward the target; and (d) vacuum pump with hoses and valves for evacuating the chamber.
The vacuum chamber was constructed of 1.27 cm thick polycarbonate machined to size and assembled with 6-32 machine screws, with all mating surfaces wiped with silicon sealant before assembly. The outside dimensions of the chamber were 16.5 cm high by 12.7 cm wide by 12.7 cm deep. The front door was provided with a gasket and snap closures for removal. The chamber top was drilled and tapped at its center for a 3/4 inch male pipe thread, waterproof, electrical connector complete with a compression rubber gasket (7529K57, McMaster-Carr, Los Angeles, CA) that clamps and seals around the barrel (shortened to 24 cm length), leaving 1 cm of the muzzle protruding into the chamber. Polycarbonate strips were fastened on each side of the chamber interior at 2 cm intervals, 1.27 cm apart, to provide slots for two removable 1.27 cm thick polycarbonate shelves. The upper shelf serves to support the stopping plate holding cup, and has a 1. Wool cleaning pads supplied by Beeman were used as macroprojectiles. In addition, 0.318 cm diameter discs were punched from 0.435 mm thick galvanized sheet metal and glued with rubber cement to the face of the pads. A metal punch (Roper Co., Rockford, IL) was used to create a dimple in the center of the disc for placement of the tungsten microprojectiles. The dimple also served to reduce movement of the tungsten slurry until impact occurred on the stopping plate. Average combined weight of the pad and disc was 76.6 ± 0.55 mg.
Velocity Measurements Macroprojectile A 3.5 cm long nylon cup was machined similar to the stopping plate holding cup and two slits were cut horizontally to its center at two locations 2 cm apart (Fig. 4) 
RESULTS AND DISCUSSION
The airgun apparatus utilizes compressed air to accelerate the macroprojectile and tungsten particles. To facilitate understanding of this process, a brief description of the components and operation of the device is given. A powerful spring (Fig. 5) is manually cocked and held by the trigger mechanism. The spring is attached to a piston which is withdrawn during cocking to create an air-filled cylinder behind the projectile to be loaded into the firing chamber. The piston plunges forward when the trigger is pulled to compress the air and propel the projectile through the barrel. When a partial vacuum is created in the chamber and barrel, a piece of 50 Replicated velocity measurements were made using the setup illustrated in Figure 4 to determine if the airgun device could generate sufficient air pressure to propel macroprojectiles for transient expression studies. Velocity of the macroprojectile was measured at 520 ± 10 m sec-' with a 700 mm Hg vacuum in the chamber and barrel using a polyethylene film in the breech. There was only a 6% reduction in velocity to 490 ± 12 m sec-' with no vacuum and a polyethylene film. Further reduction of velocity was detected at 432 ± 4 m sec' with no polyethylene film and no vacuum. Velocity of this last measurement is virtually identical to speed of microprojectile reported by Klein et al. (8) . The use of a polyethylene film appeared to aid in increasing velocity by approximately 12%. No measurements were made with a vacuum and without a polyethylene film due to potential damage to piston seal during firing. Data from these measurements suggest that the airgun apparatus can create sufficient velocity to penetrate various cells and tissues by tungsten, gold, or other high density microprojectiles. In addition, the setup to measure muzzle velocity is easy to operate so that velocity can be quickly monitored for different experiments. Based on these results, all further experiments were conducted under 700 mm Hg vacuum and with a polyethylene film unless otherwise noted.
Delivery and Expression of GUS Gene in Maize Cells
Maize suspension cultures were first used to evaluate the potential of the airgun system to deliver reporter genes into cells for transient expression. In these experiments the effect of distance between the stopping plate and target cells and level of vacuum were examined. The greatest number of blue cells was observed at 4.3 cm, the shortest distance tested (Figs.  6 and 7) . These values are similar to those reported for bombarded maize (7) and wheat (15) cells. GUS expression was not observed when cells were bombarded with naked tungsten particles (no DNA) as a negative control (Fig. 7) . Increasing the distance to 7.0 cm resulted in a slight decrease in average GUS expression, though with an increase in sample variance. At 10.5 cm, the greatest distance tested, there was a 35% reduction in blue cells detected as compared to the 4.3 cm distance. In a separate experiment, maize cells were bombarded under 0 and 500 mm Hg vacuum (both 7.0 cm (7) and rice (15) cultured cells.
GUS Expression in Rice Callus
After bombardment of maize suspension cells, the airgun apparatus was used in gene transfer studies of rice callus grown on solid agar. Transient GUS expression was detected in hard, compact, regenerable callus of Oryza sativa spp. japonica breeding line (Fig. 8) . The optimal distance for bombardment was 7.0 cm from stopping plate to target cells. Callus clumps did not break up upon impact of tungsten 8 10 12
particles, and no background blue color was detected in . IN CM negative controls when GUS substrate was added (Fig. 8) . (Fig. 7) . Less Figure 9 shows GUS expression in leaf base tissue of wheat after bombardment of the vegetative shoot apex region. The number of detected blue spots was low (1) (2) (3) (4) (5) (6) (7) (8) for each explant, but these results were reproducible over three different experiments. Thin parafilm sections of bombarded shoot apical domes revealed the tungsten particles penetrated as far down as the fourth cell layer (our unpublished observations). However, GUS expression was never detected in the apical dome itself even after repeated bombardment experiments. These results may be due to inefficient GUS substrate penetration, wrong promoter (35S) for GUS expression in the apical dome, degradation of construct DNA in dome cells, or damage to crease penetration and transformation efficiency. The potential of the airgun device for transient gene expression studies in leaves, roots, and other plant parts will also be evaluated in future experiments.
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CONCLUSIONS
We have demonstrated that the airgun apparatus described in this report can be used successfully to deliver and express the GUS reporter gene in three different cell types of maize, rice, and breadwheat. The data clearly indicate that optimum conditions for each tissue or cell type must be determined empirically. This apparatus is relatively inexpensive to build ($500, plus labor costs) and to operate ($0.04 per shot for macroprojectile and steel disc). We are currently testing different designs of stopping plate and macroprojectile to in-
